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ABSTRAKT 
Tato diplomová práce je zaměřena na přípravu zlatých nanočástic a jejich použití pro citlivou 
detekci karcinoembryonálního antigenu (CEA) pomocí biosenzoru s povrchovými plasmony. 
V této práci byla studována příprava koloidních nanočástic. Sférické nanočástice s hladkým 
povrchem o velikosti 100 nm byly připraveny zoptimalizovanou tříkrokovou syntézou. Zlaté 
nanočástice byly následně funkcionalizovány monovrstvou alkyl-thiolů a molekulami 
streptavidinu. Takto funkcionalizované nanočástice byly charakterizovány UV/VIS spektroskopií 
a změřením zeta-potenciálu. Následně byly tyto nanočástice použity pro citlivou detekci CEA a 
bylo ukázáno, že zesilují odezvu senzoru 100krát v porovnání s odezvou senzoru při přímé detekci.  
 
ABSTRACT 
This thesis aims to prepare functional gold nanoparticles (AuNPs) and use them in conjunction 
with a surface plasmon resonance (SPR) biosensor for highly sensitive detection 
of carcinoembryonic antigen (CEA). In this work, preparation of colloidal AuNPs was investigated 
and a three-step synthesis was optimized to yield spherical nanoparticles with a diameter 
of about 100 nm and smooth surface. The synthesized AuNPs were functionalized by a self-
assembled monolayer of carboxy-PEG alkanethiols and streptavidin and characterized by UV/VIS 
spectroscopy and ζ-potential method. Finally, the functionalized AuNPs were employed 
in sandwich assay for the sensitive detection of CEA and it was demonstrated that they can enhance 
sensor response to CEA by a factor of 100 compared to the direct detection of CEA. 
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1 INTRODUCTION 
Surface plasmon resonance (SPR) biosensors are one of the most advanced label-free optical 
biosensor technologies [1]. SPR biosensors have a great potential for the detection of chemical 
molecules and biomolecules in important areas such as medical diagnosis [1], food quality control 
[2-3] and environmental monitoring [4-5]. 
SPR biosensors measure changes in the refractive index associated with the capture of a target 
molecule (analyte) by a special biorecognition element immobilized on the surface of SPR chip. 
Despite the substantial improvements of SPR technology, detection of low concentration of analyte 
is still challenging. As low concentrations of target molecules generate a small refractive index 
change and thus a low SPR sensor response, various methods have been developed to enhance the 
refractive index change. Among other methods, sandwich assays involving antibodies and metallic 
nanoparticles have been used to enhance sensitivity of SPR biosensors. These enhancement 
strategies have been used in various applications. A sandwich assay employing a polyclonal 
antibody was used to detect Salmonella in milk samples [2]. Teramura et al. used primary and 
secondary antibodies to detect α-fetoprotein (glycoprotein) in human plasma [3]. Su et al. 
developed immunoassay for the detection of CEA using anti-CEA antibody captured via Protein A 
and Protein G [4]. In addition, numerous authors have explored the use of metallic (mainly gold) 
nanoparticles. Huang et al. developed sandwich assay for the detection cancer marker of prostate-
specific antigen (PSA) using gold nanoparticles (AuNPs) with a diameter of 20 nm coated 
by streptavidin. The limit of detection was decreased from 10 ng/ml for the direct detection to sub-
ng/ml level for AuNP enhanced detection [5]. In another study, authors used streptavidin-coated 
gold nanoparticles for the detection of brain natriuretic peptide. The use of AuNPs improved the 
limit of detection (LOD) in buffer from 10 ng/ml (direct detection) to 25 pg/ml (with AuNPs) [6]. 
Other authors evaluated various shapes of AuNPs (cubic cages, rods, and spherical particles) for the 
enhancement of the SPR sensor response and concluded that the best enhancement was obtained 
by spherical AuNPs [7]. Gold nanorods have been also used in sandwich assay for the detection 
of E. coli [8]. In recent years, the influence of size of AuNPs on their enhancement capabilities 
have been studied. While some authors proposed that the enhancement of SPR sensor response 
increases with the size of AuNPs [13-14], others arrived to different conclusions. For example, 
Mitchell et al. [9] observed that AuNPs with diameter from 25 nm to 50 nm provided no significant 
differences in the SPR sensor response. Most recently, Springer et al. studied the effect of AuNPs 
size on enhancement of the SPR sensor response using AuNPs with a diameter ranging from 10 
nm to 50 nm [10]. They concluded that the AuNP-enhanced SPR sensor response increases with the 
size of AuNPs. They also revealed that the surface density of bound strep-AuNPs decreases 
with the increased size of AuNPs. This trend was explained through steric effects on the surface 
of SPR chip which may hamper the binding of large nanoparticles. The trend of sensor sensitivity 
to surface density of AuNPs increasing with the volume of AuNPs was also observed by Halpern 
et al. [11]. Based on the survey of available literature, it can be concluded that AuNPs that are most 
commonly used in SPR biosensing exhibit spherical shape and medium size (10-50 nm). 
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1.1 Functional metallic nanoparticles 
Nanoparticles (NPs) are generally defined as particles of nanoscopic dimensions (1 to 100 nm) 
[12]. They can be made of various materials and can exhibit different sizes and shapes. 
NPs made of selected metals have unique optical properties due to their strong absorption in the 
visible and near-infrared wavelength regions [13]. Interaction of metallic NPs with light induces 
the excitation of a surface plasmon. This phenomenon affects NP’s absorption and scattering and 
gives rise to coloring of solutions of colloidal nanoparticles. The coloring effect of noble metals 
in stained glass windows is known for many centuries, but the scientific explanation involving the 
plasmonic effects on NPs did not become available until the beginning of the 20th century, when 
Mie’s described the effect of surface plasmons on optical properties of metal colloids [14]. A well-
known example is the Lycurgus Cup, which dates back to the Roman Empire (the fourth century 
AD). The Cup contains colloidal gold and silver NPs (Figure 1) [15]. When the light source is 
inside the cup, the Cup appears green, because the observer sees the non-scattered and non-
absorbed light; when the light source is outside the cup, it appears red, because the observer sees 
the scattered light. 
 
Figure 1: The Lycurgus cup [16]. 
The type of metal, shape and size of colloidal nanoparticles play a crucial role in the optical 
properties of metallic NPs. Changes of properties related to size of nanoparticles are sometimes 
referred to as size effect [12]. As shown in Figure 2, A, the wavelength of maximum absorbance 
of a spherical NP is shifted to longer wavelengths with an increasing size of nanoparticle.  
The shape of metallic NPs also has effect on optical properties of NPs [17]. The spectral position 
of the absorption maximum of spherical nanoparticles and nanorods (NRs) may significantly differ. 
In the case of NRs, the absorption spectrum exhibits two distinct peaks (Figure 2, B). It is the effect 
of two different directions of electron oscillation on the surface of NRs. The peak shifted to longer 
wavelength corresponds to the resonance along the longitudinal axis and the peak in shorter 
wavelengths is due to the resonance along the transversal axis of a NR [18]. 
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Figure 2: (A) Absorbance spectra for three different diameters of spherical NPs [19], 
(B) absorbance spectrum of NRs [18]. 
1.1.1 Synthesis of colloidal nanoparticles 
There are two main groups of methods of preparation of NPs. In the top-down approaches, NPs 
are produced from the bulk material by fragmentation. Bulk material can be broken by etching, ball 
milling, sputtering, or laser ablation [12]. The more frequently used bottom-up approaches 
typically involve chemical reactions and the use of chemical precursors (Figure 3).  
 
Figure 3: Approaches to synthesis of NPs [20]. 
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Stabilization, shape and size control are important during the synthesis. These parameter are 
usually controlled by adjusting the type of reagents, their concentration and the experimental 
conditions, such as temperature, mixing rate, time and shape of the reaction flask. The colloidal 
synthesis methods usually employs stabilizing agents (surfactant) and reducing agents. 
Numerous methods for the synthesis of spherical AuNPs have been published. The Turkevich 
approach to preparation of spherical colloidal AuNPs is one of the most widely used methods [21]. 
This approach is based on the aqueous reduction of tetrachloroauric acid (HAuCl4 – AuIII  Au0) 
using sodium citrate as reducing and stabilizing agent. The size and shape are controlled by the 
ratio between sodium citrate and gold salt [22]. 
Seeded growth synthesis of uniform spherical AuNPs with specific big diameter presents another 
attractive approach [17]. Using this approach, AuNPs with a diameter of 150 nm have been 
produced in three growing steps. Sodium citrate is used as stabilizer and ascorbic acid is used as a 
reducing agent. Initially, seeds of a small diameter (about 15 nm) are synthetized. Then the seed 
solution is grown in subsequent steps to prepare nanoparticles of the required diameter. Sufficiently 
slow addition of gold and reagents is essential for synthetizing homogeneous nanoparticles with the 
desired size. 
Other reducing agents have been also proposed. Perrault et al. used hydroquinone as a weak 
reductant to synthetize AuNPs with a diameter of 50-200 nm. However, the produced AuNPs 
exhibited a relatively high size distribution and low stability [23]. The authors developed a new 
method for the synthesis of AuNPs in which 2-mercaptosuccinic acid was used as a reducing agent. 
Just through a one-step seeding growth approach spherical AuNPs were prepared. Using this 
approach large-size AuNPs with a diameter from 30 to 150 nm and a narrow size distribution were 
prepared [24]. Other group developed a method of synthesis of AuNPs in which hydroxylamine 
and citrate are employed. They obtained monodisperse quasi-spherical AuNPs (50 × 40 nm) [19]. 
Another published approach to the synthesis of spherical AuNPs uses cetyltrimethylammonium 
bromide (CTAB) with ascorbic acid as a reducing agent [25]. Using this approach, AuNPs with a 
diameter as large as 180 nm were successfully prepared. CTAB has been shown to plays an 
important role in preventing aggregation of AuNPs during the synthesis and in stabilizing the 
AuNPs after the synthesis has been completed. CTAB has also been used in the synthesis 
of nanorods [32-33] where it not only plays a role of a stabilizing agent, but also helps achieve the 
desired shape of NPs. 
1.1.2 Functionalization of spherical colloidal nanoparticles 
The functionalization of AuNPs is a process in which selected (bio)molecules are immobilized 
on the surface of AuNPs, providing NPs with a desired bio-functionality. A layer of proteins may 
be created on the surface of AuNPs by directly adsorbing proteins on the surface of AuNPs or 
via other molecules serving as a molecular linker [26].  
One of the most common approaches used for the functionalization of colloidal AuNPs is based 
on the use of thiolated alkyl chains, with a functional group at the end of the chain. Thiol molecules 
are known to chemisorb on AuNPs [27] creating a strong chemical bond with the surface of gold. 
In addition, Weisbecker et al. demonstrated that aliphatic thiols create a well-ordered self-
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assembled monolayer (SAM) [26]. The SAM formation is assured by the strong coordination 
of sulphur with metal atoms and by Van der Waals interactions between the alkyl chains [28]. The 
thiolated chains usually consist of three parts - the thiol group, alkyl chain and functional group 
(carboxylic, amino, hydroxyl) for the subsequent attachments of a protein.  
While the thiol groups are bound onto the gold surface, the alkylic chains are responsible for the 
formation of a SAM, yielding a layer of functional groups far away from the gold surface. The 
most frequently used thiolated alkyl chains are based on thiolated poly(ethyleneglycol) (PEG). The 
influence of the length of the PEG chains on the density of SAM on the surface of an AuNPs was 
investigated [29]. 
Carboxylic groups are most widely used functional groups [27]. For the activation of carboxylic 
groups 1‒ethyl‒3‒(3‒dimethylaminopropyl) carbodiimide (EDC) is used, often in combination 
with N‒hydroxysuccinimide (NHS) or sulfo-NHS, that are used to enhance stability 
of intermediate. Schematic of the reaction of amino-coupling with using carboxy-terminated PEG 
(carboxy-PEG) alkanethiols and mixture of NHS and EDC (NHS/EDC) is shown in Figure 4. 
 
Figure 4: Process of functionalization of AuNPs. 
After the activation, the functional groups on the surface of AuNPs can react with a biomolecule 
(e.g. protein) containing a primary amine. During the reaction with a biomolecule, the amide bond 
is formed [30]. The biomolecules attached to AuNPs may be molecules with specific 
biorecognition functions (e.g. antibodies) or molecules that can serve as molecular linkers (e.g. 
streptavidin) through which the functionalized AuNPs can be attached to other molecules (e.g. 
through high-affinity interaction streptavidin-biotin [31]). 
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2 GOAL OF THE WORK 
The goal of this work is to prepare functional gold nanoparticles and to use them in a surface 
plasmon resonance (SPR) biosensor for the sensitive detection of cancer biomarker. In order to 
achieve this goal, the following tasks will be undertaken: 
 Preparation of gold nanoparticles (AuNPs) by the seeded growth synthesis will be studied 
and optimized and spherical AuNPs with a diameter of about 100 nm will be prepared.  
 The prepared AuNPs will be functionalized by a self-assembled monolayer of alkanethiol 
molecules to which streptavidin molecules will be attached. 
 The coverage and stability of functionalized nanoparticles will be studied by means 
of UV/VIS spectroscopy and zeta-potential measurements.  
 The functionalized AuNPs will be utilized in sandwich assay for the SPR biosensor-
based detection of carcinoembryonic antigen (CEA). 
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3 THEORETICAL PART 
3.1 Sensors 
A sensor is a device that translates the quantity to be measured (i.e. measurand) into a usable 
output signal. The sensors can be classified into different groups according to a measurand 
(physical, chemical and biological) or a measurement method (thermal, optical, electric and 
magnetic). In optical sensors, the quantity of interest is measured by an optical method (e.g. 
refractometry, absorption spectroscopy, Raman spectroscopy, fluorescence spectroscopy, 
interferometry, etc.). Refractometric sensors are based on the measurement of refractive index 
changes caused by the measurand. In this diploma thesis, attention focused on refractometric 
sensors, in particular on surface plasmon resonance (SPR) sensors [32]. 
An affinity biosensor consists of a biorecognition element (DNA, antibody, etc.) that is able to 
specifically recognize and capture a target molecule (complementary DNA, antigen) and a sensor 
that translates this interaction into an output signal [1]. Optical affinity biosensors can be classified 
as label-based or label-free. While in label-based biosensors, concentration of analyte is determined 
by measuring signal, e.g. fluorescence, from a molecular label attached to the target molecule, 
in label-free biosensors, concentration of analyte is determined by measuring changes in the 
refractive index caused by the binding of analyte to the biorecognition element [32]. Surface 
plasmon resonance (SPR) biosensors represent one of the most advanced and mature label-free 
optical biosensor technologies. 
3.2 Surface plasmon resonance 
A surface plasmon (SP) is a coherent oscillation of the metal free electrons at the surface of a 
noble metal (e.g. gold or silver) in a form a continuous film or a nanoparticle, Figure 5. Excitation 
of surface plasmons is accompanied with a strong electromagnetic field at the surface.  
 
Figure 5: Interaction of metal nanoparticles with light [33]. 
There are two types of surface plasmons – a) propagating surface plasmons and b) localized 
surface plasmons. A propagating surface plasmon (PSP) can be excited at the interface between a 
continuous metal film and a dielectric medium. A localized surface plasmon (LSP) can be excited 
on metallic nanoparticles with characteristic dimensions smaller than the wavelength of incident 
light [34].  
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3.3 Surface plasmon resonance sensors 
3.3.1 Principle of SPR sensors 
In SPR sensors employing propagating surface plasmons, surface plasmons are excited at the 
boundary between a metal (e.g. gold) and a dielectric (e.g. sample). A change in the refractive 
index of sample in the proximity of gold surface gives rise to a change in the propagation constant 
of the SP [32]. The change in the propagation constant can be determined by measuring changes 
in the coupling of light to SP. 
SP can be excited by light using various optical coupling methods. Grating coupler and prism 
coupler are the most common coupling approaches [32]. The grating coupler is based on diffraction 
of light on a metallic grating. The prism coupler is based on attenuated total reflection (ATR). The 
prism coupler can be used in two configurations. In the Otto configuration, surface plasmons are 
excited through a gap separating a prism and a metal film. In the Kretschmann configuration, metal 
film is in contact with the prism and the light passing through the prism excites surface plasmons 
on the outer surface of the metal film. The Kretschmann configuration is shown in Figure 6 (np and 
nd denote refractive indices of the optical prism and the dielectric, respectively; εm denotes 
permittivity of the metal). In this work, an SPR sensor employing prism coupling and the 
Kretschmann configuration is used. 
 
Figure 6: SPR sensor based on the Kretschmann configuration [1]. 
Coupling of light can be observed as a narrow dip in the spectrum of reflected light (Figure 7). 
Position of the SPR dip depends on the refractive index of the dielectric. Therefore, changes caused 
by the binding of the target molecules in a sample to biorecognition elements immobilized on the 
surface of a SPR sensor can be determined by measuring the shift in the position of SPR dip (Figure 
8). As SPR biosensors can measure the binding-induced changes in the refractive index directly 
and in real time, they enable real-time monitoring of biomolecular interactions as well 
quantification of concentrations of biomolecules. In the last two decades, SPR biosensors have 
been used to study various biomolecular interactions and to determine qualitative (identification, 
site specificity) and quantitative (kinetic rates, affinity and concentration) data concerning 
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biomolecules and their interactions [35]. For instance, interactions between proteins or antigen-
antibody interactions have been widely studied [44-45]. A typical sensorgram depicting temporal 
SPR sensor response to a molecular interaction is shown in Figure 8.  
 
Figure 7: Intensity of reflected light as a function of wavelength for two different refractive indices 
of medium in contact with a gold layer [36]. 
 
Figure 8: (A) The functionalized sensor surface is incubated with buffer. (B) Analyte in solution 
binds to the immobilized receptors, analyte-receptor complex is formed, resulting in an increase 
of the SPR sensor response. (C) Injection of buffer and dissociation of analyte from receptors on 
the surface. (D) Typical SPR sensor response illustrating steps A, B and C. 
3.3.2 SPR sensor instrumentation 
In this work, SPR biosensor Plasmon IV developed at the Institute of Photonics and Electronics 
of the CAS was employed. The sensor is based on prism coupling and wavelength modulation [32]. 
It consists of an optical system, supporting electronics and a sensor data acquisition and processing 
software [32]. The optical system includes a light source (halogen lamp), a detector (spectrometer), 
optical fibers and a prism coupler (Figure 9) [32]. A polarizer is included to select an appropriate 
polarization of the incident light (the TM-polarized light is used for excitation of SPs and the TE-
polarized light is used for referencing). 
16 
 
Figure 9: A four-channel SPR sensor with wavelength modulation [32]. 
A liquid sample containing analyte molecules is transported to the sensor surface by the fluidic 
system. It consists of a pump, tubes and microfluidic flow-cell with four channels. The instrument 
is equipped with a temperature stabilization ensuring stable operating conditions.  
3.3.3 Functionalization of SPR chip 
The functionalization of active surface of a SPR sensor and the immobilization of biorecognition 
elements present a crucial step in the development of a SPR biosensor. Numerous functionalization 
approaches have been used in SPR biosensors, including i) adsorption of receptors directly 
onto gold layer [37], ii) coupling of receptors to the functional groups on a linker layer [38] and 
iii) immobilization via a biomolecular linker (e.g. protein A). Direct adsorption is the simplest 
method; however direct immobilization of biomolecules on gold may lead to conformational 
changes and reduction of the activity of bioreceptors. To avoid this issue, the surface of gold is 
often covered by a functional layer, such as alkyl-thiol SAMs. Another approach to the 
immobilization of receptors is via a 3D polymer layer. The most frequently used polymer is 
carboxymethylated dextran (CM-dextran) [39]. Other polymers used in SPR biosensors include 
zwitteronic polymers [40], hyaluronic acid, alginic acid, humic acid or polyacrylic acid, etc. [41]. 
Biorecognition element is immobilized to these functional layers by various interactions including 
the formation of covalent bond, interactions via functional molecules and other specific 
biochemical interaction (e.g. avidin-biotin) [1]. 
3.3.4 Detection formats 
Various detection format has been applied for the detection of chemical and biological analytes 
[1]. The most frequently used detection formats include (a) direct detection, (b) sandwich detection 
format, (c) competitive detection format, and (d) inhibition detection format (Figure 10).  
In the direct detection (Figure 10, A) analyte directly binds to the biorecognition element 
immobilized on the sensor surface. Direct detection is usually preferred in applications, where an 
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analyte of interest produces sufficient SPR sensor response. It typically includes medium-size and 
large molecules (molecular weight > 1000 Da) at a reasonable concentration [1]. This format was 
used for example for the direct detection of synthetic oligonucleotides (ONs) [42]. For analytes 
present at low concentrations, the sandwich detection format including secondary antibody (Figure 
10, B) is often used to enhance SPR sensor response and to improve the specificity of the detection. 
Recently, gold nanoparticles are widely used in sandwich assay because of their immense effect 
on the SPR sensor response [10]. 
For small analytes (molecular weight < 500 Da), which do not generate a sufficient change in the 
refractive index, indirect detection formats such as competitive or inhibition detection formats 
(Figure 10, C, D) are used. In competitive detection format (Figure 10, C) the sensing surface is 
coated with an antibody interacting with the analyte [1]. Then, analyte is mixed with conjugated 
analyte of defined concentration and this mixture is brought to the sensing surface. The analyte and 
its conjugate compete for the limited number of binding sites on antibodies. The SPR sensor 
response is inversely proportional to the analyte concentration. Thiabendazole (TBZ) was detected 
with an indirect competitive format, where a TBZ-protein conjugate was immobilized onto gold 
surfaces has been selected [43]. In the inhibition detection format (Figure 10, D) analyte is mixed 
with a known concentration of antibody with affinity to analyte and the mixture is flowed along 
the sensing surface on which analyte or its analogue is immobilized [1]. In this step, unoccupied 
antibodies bind to the analyte molecules immobilized on the sensor surface producing a sensor 
response inversely proportional to analyte concentration. This format was, for example, used to 
detect bisphenol A (BpA) in drinking water [44].  
18 
 
Figure 10: Main detection formats used in SPR biosensors: A) direct detection; B) sandwich 
detection format; C) competitive detection format; D) inhibition detection format [1]. 
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3.3.5 Biomarkers 
Biomarkers are molecules that indicate the presence or extent of a biological process that is 
linked to a particular disease. Biomarkers are valuable in diagnosis and screening; they can also be 
used to monitor disease progression and assess response to treatment, as well as provide insight 
into the pathogenesis of a disease. An ideal biomarker should give a specific and continuous 
indication of the disease and be quantifiable in a readily obtainable sample (e.g. blood, urine, 
sputum, cerebrospinal or amniotic fluid) [45].  
Detection of biomarkers is urgently needed to improve the early detection, diagnosis and 
treatment of numerous diseases [46]. One of the most important areas in medical diagnostics is the 
early detection of cancer, which is vital for a successful treatment of the disease. Therefore, 
development of numerous methods has been pursued in research laboratories worldwide to enable 
sensitive and specific detection of tumor-related biomarkers [47]. 
Biomolecules considered as biomarkers of cancer include, for example, prostate specific antigen 
(PSA) or carcinoembryonic antigen (CEA). PSA is related to the sixth most common cancer in the 
world and the third most common cancer in men [48]. PSA is a serine protease produced at high 
concentrations by normal and malignant prostatic epithelium. The molecular weight is 28.43 kDa 
[49]. The PSA is found in the serum and PSA concentration is correlated with age – for men aged 
40 to 49 years: 0.0 to 2.5 ng/ml; for men aged 50 to 59 years: 0.0 to 3.5 ng/ml, men aged 60 to 69 
years: 0.0 to 4.5 ng/ml, and men aged 70 to 79 years: 0.0 to 6.5 ng/ml [50]. CEA, used as a model 
target in this work, is a 200 kDa cell adhesion glycoprotein. Elevated levels of CEA in human 
serum may indicate gastrointestinal, breast or lung carcinoma [51]. Physiological levels in human 
serum of healthy individuals are below 2.5 ng/ml (5.0 ng/ml for smokers); however, CEA levels 
can exceed 100 ng/ml in patients with certain cancers [4]. 
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4 EXPERIMENTAL PART 
4.1 Materials and methods 
4.1.1 Reagents and buffers 
Sodium acetate buffer solution (3 M, pH 5.2, 25°C), KH2PO4, Na2HPO4, KCl, NaCl, 
ethanolamine (EA, 1 M), bovine serum albumin (BSA), streptavidin, gold(III) chloride trihydrate 
(HAuCl4 ∙ 3 H2O), sodium citrate tribasic dehydrate (Na-cit.), citric acid monohydrate, and 
L – ascorbic acid (AA) were purchased in molecular biology grade or higher from Sigma-Aldrich, 
USA. Na2B4O7 ∙ 10 H2O was purchased from Lach-ner, Czech Republic. N–hydroxysuccinimide 
(NHS) and 1–ethyl–3–(3–(dimethyl-amino)propyl)carbodiimide hydrochloride (EDC) were 
purchased from GE Healthcare, USA. Primary antibody Ab1 against CEA, biotin-Ab2 
against CEA, and CEA protein were purchased from Fitzgerald, USA. Antibody against Listeria 
AbL was purchased from KPL, USA. Carboxy-terminated [HS‒ (CH2)11‒EG6‒OCH2‒COOH] 
(carboxy-PEG) and hydroxy-terminated [HS‒C11‒EG4‒OH] (hydroxy-PEG) alkanethiols were 
purchased from Prochimia, Poland. The composition of phosphate buffer (PBS) was 1.4 mM 
KH2PO4, 8 mM Na2HPO4, 2.7 mM KCl, and 137 mM NaCl, pH 7.4 at 25 °C. PBSNaCl consisted 
of phosphate buffer with the addition of 750 mM NaCl. PBSBSA buffer was prepared by adding 
BSA to PBS to achieve the concentration of 250 μg/ml. Aqueous 10 mM sodium acetate, pH 5 
at 25 °C, (SA10) was prepared from 3 M sodium acetate buffer solution. 10 mM Borate buffer (BB, 
pH 8) was prepared from Na2B4O7 ∙ 10 H2O. All buffers were prepared using deionized water 
(18 MΩ/cm resistivity, Direct-Q, from Millipore, Germany).  
4.1.2 Synthesis of spherical gold nanoparticles 
Large AuNPs with diameter of 100 nm were prepared using a modified approach of the seeded 
growth synthesis [17]. Initially, the stock solution of seeds (seed solution) was prepared. Briefly, 
2.5 ml of 5 mM HAuCl4 ∙ 3 H2O stock solution (gold) in 50 ml of Q-water was heated with a mantle 
(Heating mantel, from LabHeat, Germany) in a 250 ml three-necked round-bottomed flask to a 
boiling point and then 2 ml of Na-cit. (10 mg/ml sodium citrate and 0.5 mg/ml citric acid) were 
added quickly under vigorous stirring. The solution was boiled for 5 min and then cooled down. 
The seeds were grown using the following procedure. A growing solution (Solution A) was 
prepared by dilution of certain amount of 5 mM gold to a final volume of 10 ml (with Q-water). A 
reducing and stabilizing solution (solution B) was prepared by dilution of a mixture of certain 
amount of AA (10 mg/ml) and Na-cit. (10 mg/ml of sodium citrate and of 0.5 mg/ml citric acid) 
again to a final volume of 10 ml (with Q-water). The relative volume ratios in the stock solutions 
were always 8:2:1 (gold:AA:Na-cit.). 
A certain amount of seed solution was diluted to final volume 20 ml (with Q-water) in a round 
bottom three-necked flask. A 10 ml aliquot of the precursor solution A and 10 ml of solution B 
were added. The addition was made separately at a room temperature with a peristaltic pump 
(Ismatec, Germany) (230 µl/min) under vigorous stirring over a time of about 45 minutes. Solution 
A contains certain amount of gold, and solution B contains certain amount of Na-cit. as stabilizing 
agent and AA as reducing agent. Immediately after the addition of growing and stabilizing/reducing 
21 
solution was completed, the mixture was brought to boiling and maintained at this temperature 
for about 30 minutes. A condenser and Water cooling system (Julabo, Germany) were used during 
the boiling to prevent potential evaporation. Finally, the solution was cooled down.  
To characterize the AuNP samples, drops of AuNPs were prepared by drying 2 µl of sample 
on silicon wafer in an oven at 40°C. Then the samples were characterized using the scanning 
electron microscope (SEM) (Versa 3D from FEI, USA). From SEM images, size and shape 
of AuNPs were determined. The size and dispersity index (which describes the level of AuNPs 
uniformity in terms of size) were measured by dynamic light scattering (DLS) using Zeta Potential 
Analyzer (ZetaPals from Brookhaven, USA). A special low-volume cells (200 µl) were used and 
5 µl of AuNPs solution were diluted with 300 µl with Q-water (pH 8.5) to ensure negative charge 
of functional groups. An UV/VIS spectra of samples were measured with UV/VIS nanophotometer 
(from Implen, Germany; optical length – 1 mm, sample volume – 2 µl, Q-water used as a blank). 
4.1.3 Functionalization of gold nanoparticles 
To create a monolayer of carboxy-PEG alkanethiols on AuNPs surface, a solution of 500 µl 
of AuNPs with diameter of 100 nm (5.37 ∙ 109 AuNPs/ml) was centrifuged (using Centrifuge 
Avanti JE, Beckman Coulter, USA – 10 000 g, 8 minutes). The supernatant was removed from the 
pellet and the pellet was diluted with 500 µl of thiol solution in 5% aqueous ethanol. Samples were 
mixed and shaken for 24 hours (using Multishaker PSU 20 from Biosan, Latvia). Then, the sample 
was three times centrifuged (14 000 g, 10 minutes) and the pellet was each time diluted with 500 
µl of Q-water (pH 8.5 ‒ changed with 100 mM NaOH) and centrifuged at the same parameters 
(14 000 g, 10 minutes). After the last washing, absorbance and zeta-potential (ζ-potential) of PEG-
AuNPs were measured (using Zeta Potential Analyzer ZetaPals from Brookhaven, USA). 
Subsequently, the PEG-AuNPs were stored at a temperature of 4°C. 
Thiolated AuNPs (PEG-AuNPs) were functionalized with streptavidin. PEG-AuNP solution was 
diluted with Q-water (pH 8.5) to an optical density (OD) of 0.3. A sample of 50 µl of a PEG-AuNPs 
with OD of 0.3 was added into 450 µl of borate buffer (BB). Then, appropriate volume 
of streptavidin was added. NHS/EDC was prepared by mixing together 50 µl of 0.1 M NHS and 
12.5 µl of 0.201 EDC diluted in BB. 3 µl mixture of NHS (80 mM) and EDC (403 mM) were 
quickly added into 500 µl of PEG-AuNPs (OD 0.03) and then the sample was shaken for 30 
minutes. Subsequently, strep-AuNPs were centrifuged (14 000 g, 10 minutes) and washed three 
times with Q-water (pH 8.5). After washing, characterization of functionalized AuNPs was 
performed using absorption spectroscopy and ζ-potential measurement. 
4.1.4 Functionalization of SPR sensor chip 
A SPR sensor chip was functionalized with a SAM of mixed carboxy-terminated and hydroxy-
terminated alkanethiols and then antibody Ab1 was covalently attached to the SAM as described 
previously [26]. Initially, a 3:7 molar mixture of carboxy-PEG and hydroxy-PEG alkanethiols was 
dissolved in ethanol with a total concentration of 0.2 M. A clean SPR chip was immersed in the 
thiol mixture for 10 minutes at a temperature of 40 °C and then stored at a room temperature 
for at least 12 h. Then, the chip was rinsed with ethanol and deionized Q-water and mounted 
into the SPR biosensor. 
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Initially, SA10 was pumped along the sensor surface. Subsequently, a mixture of NHS (12.5 mM) 
and EDC (60.4 mM) in SA10 was pumped through the flow-cell for 5 minutes (flow rate – 
5 µl/minutes) to activate the carboxyl groups on the SAM. After the activation, primary antibodies 
Ab1 at a concentration of 10 μg/ml diluted in SA10 or AbL (10 µg/ml) were injected 
for about 15 minutes to achieve the maximum SPR sensor response (typically about 12 nm). 
Subsequently, SA10 and PBSNaCl were injected to remove the non-covalently bound Ab1 or AbL. 
Finally, EA was injected for 5 minutes to deactivate any remaining carboxyl groups. The 
functionalized chip was then washed with SA10. During the functionalization of the SPR chip in 
the SPR sensor, the flow rate and temperature were kept at 20 μl/min and 25 °C, respectively. 
4.1.5 Detection of CEA 
4.1.5.1 Direct detection of CEA 
The SPR sensor chip functionalized using the procedure described in the previous section was 
used in a model experiment in which direct detection of CEA biomarker was performed. In the first 
step of the experiment, PBSBSA was pumped along the surface functionalized with Ab1 (detection 
channel) and AbL (reference channel) until a stable baseline was established. BSA in PBS was 
used to decrease the non-specific binding of CEA molecules to the surface of an SPR chip. Then, 
model samples containing CEA at two different concentrations (500 ng/ml and 2000 ng/ml 
in PBSBSA) were injected and flowed across the sensing surface for 9 minutes (the sample 
containing 500 ng/ml CEA was injected into the detection channel and the sample with 2000 ng/ml 
CEA was injected into both detection and reference channels). Finally, PBSBSA was injected. 
During the detection experiment, the flow rate and temperature were kept at 20 μl/min and 25 °C, 
respectively. The reference channel suggested a non-specificity of the detection. Specific sensor 
response was obtained by subtracting of sensor response of reference channel from detection 
channel. 
4.1.5.2 Strep-AuNP-enhanced detection of CEA 
Large strep-AuNPs with a diameter of about 100 nm were used in the CEA detection experiments 
to evaluate their ability to enhance the SPR biosensor response to CEA. The model sandwich assay 
with CEA, biotin-Ab2 and strep-AuNPs was used, see Figure 11. This system is specific and stable 
because of the streptavidin-biotin interaction (KD = 10−15 M, [52]). 
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Figure 11: Specific sandwich assay with strep-AuNPs for the detection of CEA marker. 
 In these SPR experiments detection and reference channels were used. In the detection channel 
CEA, biotin-Ab2 and strep-AuNPs were sequentially injected, while in the detection channel only 
strep-AuNPs were pumped. Reference channel was used for the determination of non-specific 
binding of strep-AuNPs. Specific SPR sensor response was determined as a difference between the 
detection and reference channel. In a typical SPR experiment, one detection and one reference 
channel was used to measure the binding of strep-AuNPs.  
Specific steps were done as follows. After the establishment of baseline in PBSBSA, a solution 
of CEA (500 ng/ml) was pumped through the detection channel for about 4 minutes. After short 
injection of PBSBSA, biotin-Ab2 (10µg/ml) was flowed through the detection channels for 
15 minutes to form a sandwich assay. Strep-AuNPs were diluted with PBSBSA to optical density 
of 0.05 and were injected for 10 minutes through the detection and reference channels. Finally, 
PBSBSA was pumped. The flow rate and temperature were set to 20 μl/min and 25 °C, respectively. 
4.2 Results and discussion 
In this part the synthesis of large spherical colloidal nanoparticles with diameter of about 100 nm 
were evaluated. Then AuNPs were covered by SAM of alkanethiols and streptavidin and these 
steps were optimized. Enhancement of functionalized AuNPs used for a sensitive detection of CEA 
marker were demonstrated. 
4.2.1 Synthesis of spherical gold nanoparticles 
The seeded growth synthesis method was used for the preparation of spherical AuNPs with a 
diameter of about 100 nm. This synthesis was a two-phase process. In the first phase, the seed 
solution was prepared by the procedure described in Section 4.2.1.1, which leads to fast nucleation 
yielding AuNPs with a diameter of about 15 nm (Figure 13). In the second phase, the seeds 
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produced in the first phase were grown in several steps to increase the diameter of AuNPs till the 
desired value. In every growing step atoms of gold (precursor) were reduced (AuIII  Au0) 
by reducing agents, while acid and seeds or small AuNPs were covered by nuclei. To enable 
efficient optimization of the process and its tracking, the process was organized into six Tests, each 
encompassing multiple Steps with different experimental conditions. A scheme illustrating the 
process of synthesis and all the Tests and Steps is shown in Figure 12. After the optimization of the 
two-step synthesis, AuNPs with a diameter of about 100 nm were produced. 
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4.2.1.1 Preparation of seed solution 
In the first step of the synthesis of AuNPs, seeds with a diameter of about 15 nm were 
synthetized. Figure 13 shows an SEM image of the prepared seeds which suggests that the diameter 
of the seeds is as expected. The seed solution was transparent and its color was red. Seed solution 
prepared by this procedure were used for each of the following growth steps. 
 
Figure 13: Picture of seeds obtained by SEM. 
4.2.1.2 Synthesis of large gold nanoparticles 
A three-stage synthesis with three immediate growing steps was explored. The procedure was 
performed six times (Tests 1 to 6) with specific modifications experimental conditions (Steps I 
to III). The following section summarizes results obtained in all these Tests. 
Test 1: 
In Test 1 after the first step (Step I), spherical AuNPs with a diameter of 50 nm were obtained. 
After the third Steps where the effect of boiling time was evaluated, AuNPs exhibited a spherical 
size with a diameter of about 80 nm and a rather rough surface.  
In Test 1, Step I, 3 ml of seed solution was diluted to a final volume 20 ml with Q-water. 
In solution A, 2 ml of gold was used and solution B contained 0.5 ml of AA and 0.25 ml of Na-cit. 
Ratios between stock-solutions were kept 8:2:1. The final solution was boiled for 30 minutes. 
As follows from Figure 14, spherical AuNPs with a diameter of about 40 nm were obtained in this 
step.  
In the second step (Test 1, Step II) 4.5 ml of AuNP solution generated in the previous step was 
used. Solutions A and B (containing 4.3 ml of gold and 1.1 ml of AA and 0.54 ml of Na-cit.) were 
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added to AuNPs solution. Final solution was boiled for 30 min. Spherical AuNPs with a diameter 
of about 50 nm were obtained (Figure 15). 
In the following step (Test 1, Step III_a ‒ Figure 16), 4.5 ml of the last AuNPs solution was 
diluted as described in Section 4.2.1.2 and mixed with solutions A and B (containing 0.5 ml of gold 
and 0.125 ml of AA and 0.062 5 ml of Na-cit.). Final solution was boiled for 30 minutes. This step 
was found to yield heterogeneous AuNPs with a diameter of 80 nm and a rather rough surface. 
In order obtain AuNPs with a smoother surface, the boiling time was extended to promote 
coalescence of AuNPs. The same procedure was used, except for the boiling time that was extended 
to 60 minutes (Test III_b ‒ Figure 17) and 90 minutes (Test III_c ‒ Figure 18 ). After these 
modifications, the size of the produced AuNPs was about the same; however, their surface was still 
not smooth. This suggests that under the used experimental conditions, this parameter alone cannot 
drive the synthesis to a sphere-like shape with smooth surface and therefore other (chemical) 
parameters of the procedure should be modified. In Table 1, parameters of the Test 1 synthesis and 
the obtained results are collected. 
Table 1: Summary of conditions for Test 1. Changed parameters are marked by grey color. 
Test 1 Seeds or 
AuNPs 
[ml] 
Solution A  
gold [ml] 
Solution B 
AA/Na-cit. 
[ml] 
Boiling 
time [min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
Step I  3 2 0.5/0.25 30 spherical 40 
Step II 4.5 4.3 1.1/0.54 30 spherical 50 
Step 
III_a  
4.5 0.5 0.125/0.063 30 
heterogeneous, 
rough 
80 
Step 
III_b 
4.5 0.5 0.125/0.063 60 
heterogeneous, 
rough 
80 
Step 
III_c 
4.5 0.5 0.125/0.063 90 
heterogeneous, 
rough 
80 
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Figure 14: SEM image of AuNPs produced in Test 1, Step I. 
 
Figure 15: SEM image of AuNPs produced in Test 1, Step II. 
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Figure 16: SEM image of AuNPs produced in Test 1, Step III_a. 
 
Figure 17: SEM image of AuNPs produced in Test 1, Step III_b. 
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Figure 18: SEM image of AuNPs produced in Test 1, Step III_c. 
Test 2: 
In the Test 2, Step III the effect of various volume of gold were explored. In III step_a volume 
of gold in solution A was changed to 1 ml (Figure 19) and in III step_b to 1.3 ml (Figure 20) and 
final solution was boiled for 60 minutes. AuNPs exhibited rather rought surface with diameter 
of about 100 nm. It seems that there is too low amount of gold and too much AuNPs because the 
new nuclei was not able to cover the whole surface of AuNPs. It can be even due to coalescence. 
In Table 2, parameters of the Test 2 synthesis and the obtained results are collected. 
Table 2: Summary of conditions for Test 2. Changed parameters are marked by grey color. 
Test 2 Seeds 
or 
AuNPs 
[ml] 
Solution 
A  
gold [ml] 
Solution B 
AA/Na-cit. 
[ml] 
Boiling 
time 
[min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
Notes 
Step 
III_a 
4.5 1 0.25/0.125 60 
almost 
spherical, 
rough 
100 
Test 1, 
II step 
Step 
III_b 
4.5 1.3 0.325/0.162 5 60 
heterogeneous, 
rough 
100 
Test 1, 
II step 
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Figure 19: SEM image of AuNPs produced in Test 2, Step III_a. 
 
Figure 20: SEM image of AuNPs produced in Test 2, Step III_b. 
Test 3: 
In the Test 3 various volume of gold were studied. The AuNPs with various shapes but 
with smooth surface and high size dispersion were obtained. The details are reported in Table 3 
and briefly explained below: 
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3 ml of AuNPs was diluted and 3 ml of gold in solution A (Step II_a) and solution B (containing 
0.75 ml of AA and 0.375 ml of Na-cit.) were added as described in Section 4.2.1.2. Spherical rather 
rough AuNPs were obtained. In the next step, 3.6 ml of gold (Step II_b) was used with 0.9 ml 
of AA and 0.45 ml of Na-cit. in solution B. Smooth AuNPs with various shapes was obtained. 
From the SEM images can be seen irregular shapes but no presence of small nuclei on them. This 
can be due to oriented attachment (OA – when different spherical AuNPs fuse together) or to 
Ostwald ripening (OR). For the last second step (Step II_c) 4 ml of gold in solution A and solution 
B contained 0.1 ml of AA and 0.5 ml of Na-cit.) were used. 
Table 3: Summary of conditions for Test 3. Changed parameters are marked by grey color. 
Test 3 Seeds 
or 
AuNPs 
[ml] 
Solution 
A  
gold [ml] 
Solution 
B AA/Na-
cit. [ml] 
Boiling 
time 
[min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
notes 
Step 
II_a 
3 3 0.75/0.375 60 heterogeneous various 
Test 
1_Step I 
Step 
II_b  
3 3.6 0.9/0.45 30 
heterogeneous, 
spherical, 
smooth 
80 ‒ 115 
Test 
1_Step I 
Step 
II_c 
3 4 0.1/0.5 30 
heterogeneous, 
spherical, 
smooth 
75 
Test 
1_Step I 
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Figure 21: SEM image of AuNPs produced in Test 3, Step II_a. 
 
Figure 22: SEM image of AuNPs produced in Test 3, Step II_b. 
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Figure 23: SEM image of AuNPs produced in Test 3, Step II_c. 
Test 4: 
In the Test 4 the synthesis was starting from the first step (Step I). Various volume of gold and 
shorter boiling time were evaluated. A big rather rough spherical AuNPs with diameter of about 
100 nm were obtained. 
For next testing (Test 4) the first step (Step I) was repeated. A same procedure was used 
as before (see Test 1). Spherical AuNPs with diameter of about 45 nm were obtained (Figure 24). 
For the second step (II step_a) another proportion of AuNPs and gold was used. 3 ml of previous 
AuNPs was mixed as described in Section 4.1.2 with solution A (containing lower amount of gold 
– 1ml) and solution B (containing 0.25 ml of AA and 0.125 of Na-cit.) A big heterogeneous AuNPs 
with wide size distribution were obtained (Figure 25). They had still rather rough surface. Then 
higher amount of gold – 2 ml (II step_b) was used in solution A and 0.5 ml of AA and 0.25 ml 
of Na-cit. in solution B. The surface was smoother but not totally smooth (Figure 26). In Table 4, 
parameters of the Test 4 synthesis and the obtained results are collected. 
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Table 4: Summary of conditions for Test 4. Changed parameters are marked by grey color. 
Test 4 Seeds 
or 
AuNPs 
[ml] 
Solution 
A  
gold [ml] 
Solution 
B AA/Na-
cit. [ml] 
Boiling 
time 
[min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
Step I  3 2 0.5/0.25 30 spherical 45 
Step II _a 3 1 0.5/0.25 30 
heterogeneous, 
rough, high 
dispersity 
index 
35 ‒ 70 
Step II_b  3 2 0.25/0.125 30 
almost 
spherical, 
heterogeneous, 
smoother 
50 ‒ 100 
 
 
Figure 24: SEM image of AuNPs produced in Test 4, Step I. 
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Figure 25: SEM image of AuNPs produced in Test 4, Step II_a. 
 
Figure 26: SEM image of AuNPs produced in Test 4, Step II_b. 
Test 5: 
In the Test 5 various ratios between volume of gold and AuNPs were explored. A smooth spheres 
with diameter of 60 nm in two steps were obtained. The third step was not successful and big AuNP 
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with stars shape in one batch (Step III_a) and heterogeneous smooth AuNP with wide size 
distribution in second batch (Step III_b) were obtained.  
This procedure (Test 5, Step I) was starting from the first step where a lower amount of gold – 
0.4 ml was used for the same amount of seed solution. 3 ml of seed solution was diluted and 
solution A (containing 0.4 ml of gold) and solution B (containing 0.1 ml of AA and 0.05 ml of Na-
cit) were added as described in Section 4.1.2. An almost spherical AuNPs with diameter 
of about 25 nm were obtained (Figure 27). In the next step (Step II), 3 ml of this small spherical 
AuNPs was growth with 2 ml of gold in solution A and 0.5 ml of AA and 0.25 of Na-cit. in solution 
B. Spherical AuNPs with smooth surface were obtained (Figure 28) but the size was just 60 nm. 
In the last growing steps, 3 ml of previous AuNPs (Step II) was used. The first growing step 
(Step III_a) was with 0.5 ml of gold in solution A and 0.125 ml of AA and 0.062 5 ml of Na-cit. 
in solution B. AuNPs with star shape and with diameter of about 110 nm were obtained (Figure 
29). The second growing step (Step III_b), 3 ml of gold in solution A (containing 1 ml of gold) and 
solution B (containing 0.25 ml of AA and 0.125 ml of Na-cit.) were added. AuNPs with various 
sizes and shape were obtained (Figure 30). In Table 5, parameters of the Test 5 synthesis and the 
obtained results are collected. 
Table 5: Summary of conditions for Test 5. Changed parameters are marked by grey color. 
Test 5 
Seed 
solution 
or 
AuNPs 
[ml] 
Solution 
A  
gold [ml] 
Solution B 
AA/Na-cit. 
[ml] 
Boiling 
time 
[min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
Step I 3 0.4 0.1/0.5 30 
almost 
spherical, 
heterogeneous, 
rough 
25 
Step II 3 2 0.5/0.25 30 
spherical, 
smooth 
60 
Step 
III_a  
3 0.5 0.125/0.0625 30 stars 110 
Step 
III_b 
3 1 0.25/0.125 30 
heterogeneous 
with spheres, 
smooth, high 
dispersity 
index 
various 
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Figure 27: SEM image of AuNPs produced in Test 5, Step I. 
 
Figure 28: SEM image of AuNPs produced in Test 5, Step II 
39 
 
Figure 29: SEM image of AuNPs produced in Test 5, Step III_a 
 
Figure 30: SEM image of AuNPs produced in Test 5, Step III_b. 
The last procedure (Test 6) was different from the previous Tests. In the first step (Step I) 
of growing the amount of seed solution was double (6 ml of seed solution was diluted in 20 ml 
with Q-water) to try same ratio of seed solution and gold as in sample (Test 5, Step III_b) but 
double volume of both (Test 6, Step I). Solution A was prepared by diluting 2 ml of gold and 
solution B by diluting 0.25 ml of AA and 0.125 ml of Na-cit. with Q-water as describe 
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in Section 4.2.1. Solution was boiled for 30 minutes. A spherical, smooth and almost homogeneous 
AuNPs was prepared with diameter of about 40 nm (Figure 31).  
 
Figure 31: SEM image of AuNPs produced in Test 6, Step I. 
Just by one next step (Test 6, Step II), big AuNPs with diameter of about 100 nm were 
synthesized. 3 ml of previous AuNPs was diluted and mixed with solution A (containing 2 ml 
of gold) and solution B (containing 0.25 ml of AA and 0.125 ml of Na-cit.). This last procedure 
(Test 6) was repeated twice more to be sure that it is reproducible and it was successful. For every 
batch, images from SEM (Figure 32, Figure 33 and Figure 34) and absorbance spectra (one of them 
is shown in Figure 35) were taken. The theoretical concentration of AuNP was calculated 
from initial gold amount to 5.37 ∙ 109 AuNPs/ml. In Table 6, parameters of the Test 6 synthesis and 
the obtained results are collected. 
Table 6: Summary of conditions for Test 6. 
Test 6 Seeds 
solution 
or 
AuNPs 
[ml] 
Solution 
A  
gold [ml] 
Solution 
B 
AA/Na-
cit. [ml] 
Boiling 
time 
[min] 
Shape of 
resulting 
AuNPs 
Size of 
resulting 
AuNPs 
[nm] 
Concentration 
[AuNPs/ml] 
Step I 6 2 0.5/0.25 30 spheres 40 8.80 ∙ 1010 
Step II 3 2 0.5/0.25 30 spheres 100  5.37 ∙ 109 
41 
 
Figure 32: SEM image of AuNPs produced in Test 6_Step II, the first batch. 
 
Figure 33: SEM image of AuNPs produced in Test 6_Step II, the second batch. 
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Figure 34: SEM image of AuNPs produced in Test 6_Step II, the third batch. 
 
Figure 35: UV spectrum of the last batch of 100 nm spheres; λmax = 571 nm. The peak at about 
316 nm correspond to citric acid and about 251 nm to ascorbic acid [53]. 
Average of size and dispersity index of each batch was measured by DLS (Table 7). Size 
distribution of all of them is really low (from 0.083 to 0.175). Average of size was measured 
from SEM images too. For every batch a size was calculated for 20 nanoparticles and summarized 
in Table 7. 
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Table 7: Summary of AuNP size of individual batches. 
batch 
Size (diameter) 
from DLS[nm] 
Error 
[nm] 
Size 
distribution 
Size from 
SEM [nm] 
Error [nm] 
1 107.87 0.73 0.083 100.50 7.80 
2 110.13 1.12 0.175 99.02 6.15 
3 115.46 1.03 0.121 102.20 6.29 
 
Figure 36: Gauss distribution of AuNPs size from DLS. 
4.2.2 Optimization of synthesis of AuNPs: summary 
In the process of optimization of the synthesis of AuNPs, effects of various process parameters 
on the synthesis process were studied. These parameters included boiling time and ratio 
between the amount of seed solution (AuNPs, respectively) and gold solution. It was concluded 
that the boiling time had no effect on the shape or size of AuNPs under the experimental conditions 
used in this study. Clearly, the amount of gold ions relative to the amount of seeds was more a 
crucial process parameter (see Tests 1). Various ratios between the amount of AuNPs and gold 
were tested to find optimal parameters of synthesis yielding spherical AuNPs with smooth surface. 
This turned out to be a rather challenging goal as many batches of produced AuNPs contained non-
spherical nanoparticles with rather rough surface and/or high dispersity index. It was evaluated that 
the rough (blackberry-like) surface (for example Test 1, Steps III etc.) may be associated with the 
process of Ostwald ripening (OR) [54]. This process assumes dissolving of smaller AuNPs and 
their redeposition on the surface of bigger AuNPs in an uneven manner. This is plausible 
explanation for some rather rough AuNPs, in particular, Test 4, Step II_a (Figure 25) and Test 5, 
Step III_a (Figure 29). While some batches of AuNPs resulted in AuNPs with smooth surface, their 
shapes were rather irregular (not spherical). This is believed to be caused by coalescence of AuNPs 
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to minimize the AuNP surface energy or by the OA mechanism [63-64]. This leads to merger of 
several AuNPs which gives rise to AuNPs with shapes that are not symmetrical or regular, for 
example, Test 3, Step II_b or Test 5, Step III_b. 
The optimized synthesis process relaying on a three-step procedure (Test 6) was demonstrated 
to yield spherical AuNPs with a diameter of about 115 nm (according to DLS measurement). 
4.2.3 Functionalization of gold nanoparticles 
AuNPs were functionalized in two steps. In the first step, the AuNPs were coated with carboxy-
PEG alkanethiols (PEGylation) and in the second step, streptavidin was covalently attached 
(streptavidinylation). 
4.2.3.1 PEGylation 
In the process of formation of carboxy-PEG alkanethiols on the surface of AuNPs, 
concentrations of carboxy-PEG alkanethiols in the incubation buffer from 100 µM to 10 mM were 
used. In order to asses colloidal stability of AuNPs and a degree of aggregation, absorbance 
spectroscopy and ζ-potential method were used. 
Absorption spectrum each sample was measured (Table 8); samples with a high degree 
of aggregation were supposed to lose color and become transparent. Absorbance of the main peak 
in the absorption spectrum was measured and normalized to the same volume, 50 µl (Anorm). The 
higher the normalized absorption was, the higher was the number of recovered AuNPs after the 
PEGylation. It was observed that the highest value of Anorm was obtained with the sample incubated 
with 0.2 mM carboxy-PEG alkanethiols. 
Another parameter that was taken into account for the investigation of stability of functionalized 
AuNPs was ζ-potential (Table 8). Values of ζ-potential reflect the net charge carried by AuNPs. 
Generally, the higher absolute values of ζ-potential are, the more stable the system of AuNPs and 
AuNPs have a lower tendency to aggregate. After PEGylation, it was expected that carboxy-PEG 
alkanethiols improve colloidal stability of AuNPs due to the steric hindrance and repulsion 
of negatively charged PEG-AuNPs. The charge of PEG-AuNPs is negative at pH higher than 7 
due to dominance of dissociated COO− groups. According to ζ-potential, all the SAM-coated 
AuNPs were stable (abs ζ > of about 30 mV) except for a concentration of 0.05 mM. In this case, 
the absolute value of ζ-potential was lowest, probably due to the low coverage of carboxy-PEG 
alkanethiols on the surface of AuNPs. For higher concentrations of carboxy-PEG alkanethiols, 
higher ζ-potential values were observed probably due to the formation of a denser SAM. It seems 
that ζ-potential reached a plateau (suggesting that the maximum density was reached) and then 
varied between − 45 and − 35 mV.  
As both the highest absorbance and the highest value of ζ-potential, were observed for the sample 
with a concentration of carboxy-PEG alkanethiols of 0.2 mM, this concentration was chosen for the 
following experiments.  
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Table 8: Absorbance and ζ-potential data obtained during the PEGylation of AuNPs. cPEG denotes 
concentration of carboxy-PEG alkanethiols, A denotes measured absorbance, A denotes 
normalized absorbance and V denotes volume of sample. The optimal concentration selected 
for further experiments is highlighted with grey color. 
cPEG[mM] A  V [µl] Anorm ζ 
[mV] 
error 
[mV] 
10 1.001 39 0.781 − 40.41 2.50 
1 0.518 42 0.435 − 39.20 1.28 
0.5 1.129 51 1.152 − 35.56 0.89 
0.2 1.552 47 1.459 − 44.22 2.83 
0.1 1.398 42 1.174 − 40.35 1.92 
0.05 1.025 51 1.046 − 27.28 2.37 
 
Figure 37: Absolute values of ζ-potential for different concentrations of carboxy-PEG 
alkanethiols in PEGylation of AuNPs. 
4.2.3.2 Streptavidinylation 
Streptavidinylation was the next step in the functionalization of AuNPs. After PEGylation 
of AuNPs (with 0.2 mM carboxy-PEG alkanethiols), various concentration of streptavidin were 
evaluated with the goal to achieve the best coverage. The following concentrations of streptavidin 
were used in this study: 10, 20, 60, 100, 140 and 180 µg/µl (concentration of NHS/EDC was kept 
constant, 3 µl), see Table 9. 
Data collected in Table 9 indicate that a good stability was obtained for almost all strep-AuNPs. 
The absolute values of ζ-potential are lower compared to PEG-AuNPs probably due to the overall 
charge of strep-AuNPs being less negative since streptavidin has multiple functional groups that 
can influence the net charge of a functionalized AuNP. The second reason can be a disorderliness 
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of streptavidin molecules on the surface of PEG-AuNPs (compared to a SAM of carboxy-PEG 
alkanethiols) that may decrease stability and mobility of strep-AuNPs. 
It should be noted, that ζ-potential is not becoming more negative when the concentration 
of streptavidin increases. This may suggest that in the whole investigated concentration range, 
streptavidin was present in large excess. For concentrations above 100 µg/ml, the stability starts to 
decrease, probably due to the formation of multilayers, affecting mobility and stability of AuNPs 
(Figure 38). Sample F was least stable and therefore discarded. The optimal concentration 
of streptavidin (10 µg/µl – sample A) was chosen based on the recovery values that was found to 
decrease (almost linearly) with the concentration of streptavidin (Figure 39). Absolute values of ζ-
potential were rather similar, except for sample F, thus they were not crucial for the evaluation. 
Table 9: Summarization of data obtained during the streptavidination of AuNPs. cSTR denotes 
concentration of streptavidin and A denotes measured absorbance. The optimal concentration 
selected for further experiments is highlighted with grey color. 
sample cSTR 
[µg/µl] 
A recovery 
[%] 
ζ 
[mV] 
error 
[mV] 
A 10 0.230 67.5 − 22.08 4.19 
B 20 0.229 50.4 − 23.09 3.38 
C 60 0.297 45.5 − 23.94 1.29 
D 100 0.129 37.8 − 24.14 1.93 
E 140 0.107 35.7 − 20.71 2.94 
F 180 0.124 27.3 − 14.13 2.08 
 
Figure 38: Absolute values of ζ-potential as a function of concentration of streptavidin used in the 
functionalization of AuNPs. 
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Figure 39: Recovery as a function of concentration of streptavidin used in the functionalization 
of AuNPs. 
According to Table 9, the best recovery was obtained for the lowest concentration of streptavidin 
10 µg/µl (sample A); so this procedure was chosen for streptavidinylation of PEG-AuNPs that were 
applied in model CEA detection experiments. 
4.2.4 Detection of CEA using SPR biosensor 
4.2.4.1 Functionalization of SPR chip 
Prior to the model detection of CEA marker, the surface of a SPR chip was functionalized 
with primary antibody Ab1 or AbL. After the PEGylation of a SPR chip, the chip was put into the 
SPR sensor and SA10 was pumped through the flow-cell. For the activation of carboxylic groups, 
NHS/EDC was injected to the sensor surface. Then, antibody was attached to the activated groups 
on the surface of a SPR chip and PBSNaCl was pumped along the sensor surface to remove non-
covalently attached antibodies. For the deactivation of the surface, EA was injected. A sensorgram 
showing the SPR sensor response to different phases of the functionalization process is shown 
in Figure 40. 
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Figure 40: Sensor response during the functionalization of a SPR chip. 
As no substantial dissociation of the immobilized Ab1 was observed, it can be concluded that 
the functionalized surface exhibits a high stability. The SPR sensor response to the covalently 
bound Ab1 antibodies equal to 12.25 ± 0.41 nm (calculated from 16 channels on four different SPR 
chips) also indicates that functional surfaces are prepared with a high chip-to-chip reproducibility. 
4.2.4.2 Direct detection of CEA 
Functionalized SPR chips were used in model experiments in which low concentrations of CEA 
marker (500 and 2000 ng/ml) were directly detected. As follows from the sensorgram (Figure 41), 
the two concentrations of CEA produced sensor responses of 0.35 nm (for CEA concentration – 
500) and 1.4 nm (for CEA concentration – 2000 ng/ml) in less than 10 minutes. The non-specific 
binding of CEA at a concentration of 2000 ng/ml CEA in a reference channel was found to be 
negligible. Using data from a recently published paper [10], which suggests that three standard 
deviations of the SPR sensor response to a blank sample for PLASMON IV is about 0.008 nm, we 
can estimate that concentrations in the order of 10 ng/ml could be detected by the biosensor in the 
direct detection format.  
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Figure 41: Specific sensor response to two different concentrations of CEA and non-specific 
response to CEA in a reference channel. 
4.2.4.3 Strep-AuNP-enhanced detection of CEA 
In this part of the work, we used strep-AuNPs to enhance SPR sensor response to the previously 
captured CEA molecules. Strep-AuNPs were applied in the sandwich detection format as described 
in Section 4.1.5.2. 
In the first step of the detection process, CEA molecules were captured by specific antibodies 
on the surface of a SPR sensor. After the 4-minute injection of 500 ng/ml CEA, the SPR sensor 
showed response to CEA of 0.15 nm, which is in a good agreement with the sensor response 
recorded in Figure 42. Subsequently, biotin-Ab2 was injected in the flow cell to allow it to bind 
to CEA captured on the SPR chip (Figure 43). The sensor response to the binding of biotin-Ab2 
was about 0.15 nm. Then, step-AuNPs were injected and flowed through the sensor flow-cell 
for about 10 minutes (Figure 44). 
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Figure 42: SPR sensor response to CEA at a concentration of 500 ng/ml. 
 
Figure 43: SPR sensor response to biotin-Ab2. 
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Figure 44: Sensor response to strep-AuNPs. 
As follows from Figure 44, the optimized strep-AuNPs indeed produced a high enhancement 
of the sensor response compared to the response to direct detection of CEA. It should be also noted 
that the sensor response to strep-AuNPs was rather fast and a sensor response as high as 15.9 nm 
was obtained in about 10 minutes after the injection of strep-AuNPs (Figure 44). The non-specific 
sensor response observed in the reference channel was about 0.8 nm (i.e. about 5% of the SPR 
sensor response in the detection channel). This suggests that, despite the complexity of the system, 
the sensor response is dominated by the specific response to CEA and impact of strep-AuNPs 
on the sensitivity of the biosensor is substantial. The specific SPR sensor response determined 
by subtracting the sensor response in the reference channel from that in the detection channel was 
about 15 nm which indicates about 100-fold enhancement of the SPR sensor response generated 
by the strep-AuNPs. It can be assumed that the enhancement could be ultimately even higher 
since the binding of strep-AuNPs clearly did not reach equilibrium and the sensor response would 
continue to grow if longer incubation time were used. This enhancement is in a good agreement 
with the results of recently published studies [16, 38].  
The observed high enhancement is a proof of high quality of the prepared functional 
nanoparticles and it demonstrates that the use of strep-AuNPs makes it possible to significantly 
improve response of SPR biosensors and to reach sensitivity necessary for the detection 
of physiological levels of CEA in clinical samples [60, 65]. While this approach was developed 
for the detection of CEA, it can be expanded to other types of biomarkers.   
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5 CONCLUSION 
In this work functional gold nanoparticles (AuNPs) were prepared and used in a surface plasmon 
resonance (SPR) biosensor for the sensitive detection of cancer biomarker. During this work, 
spherical AuNPs with a diameter of about 100 nm were synthetized. The synthesis consisted of the 
preparation of seed solution, followed with two growing steps. Experimental parameters of the 
synthesis, such as the boiling time and amount of reagents were optimized to obtain AuNPs with 
smooth surface and regular shape. The prepared AuNPs were functionalized by a self-assembled 
monolayer of carboxy-PEG alkanethiols for subsequent attachment of streptavidin. The 
functionalized AuNPs were characterized by UV/VIS spectroscopy and ζ-potential method and the 
functionalization procedure was optimized to yield functional and stable nanoparticles. Finally, the 
functionalized AuNPs were applied in the sandwich assay for the sensitive detection 
of carcinoembryonic (CEA) antigen. It was demonstrated that the use of functional AuNPs 
enhanced sensor response to CEA by a factor of 100 compared to the direct detection of CEA, 
enabling the SPR biosensor to detect CEA at physiologically relevant concentrations. This 
approach can be readily extended to other optical affinity biosensors and to a multitude of analytes. 
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7 LIST OF USED ABBREVIATION AND SYMBOLS 
7.1 Used abbreviation 
AA  ascorbic acid 
Ab1  primary antibody 
ATR  attenuated total reflection 
Au-NPs  gold nanoparticles 
BB borate buffer 
Biotin-Ab2  biotin-covered secondary antibody 
BSA  bovine serum albumin 
BpA  bisphenol A 
CEA  carcinoembryonic antigen 
CM carboxymethylated 
CTAB cetyltrimethylammonium bromide 
DLS   dynamic light scattering 
EA  ethanolamide 
EDC  1‒ethyl‒3‒(3‒dimethylaminopropyl)carbodiimide 
LOD  limit of detection 
LSP  localized surface plasmon 
Na-cit.  sodium citrate solution 
NHS  N‒hydroxysuccinimide 
NHS/EDC  mixture of NHS/EDC 
NPs  nanoparticles 
NRs  nanorods 
OA  attachement 
OD  optical density 
ONs  oligonucleotides  
OR  Ostwald ripening 
PBS  phosphate buffer saline 
62 
PBSBSA phosphate buffer saline with BSA 
PBSNaCl phosphate buffer saline with NaCl 
PEG  polyethylenglycol 
PEG-AuNPs PEGylated gold nanoparticles 
Q-water  deionized water 
PSA  prostate-specific antigen 
SP  surface plasmon 
PSP  propagating surface plasmon 
SPR  surface plasmon resonance 
strep-AuNPs  streptavidin-coated gold nanoparticles 
SA  sodium acetate buffer 
SAM  self-assembled monolayer 
SEM  scanning electron microscope 
UV/VIS  ultraviolet-visible spectroscopy 
  
7.2 Used symbols 
A absorbance - 
Anorm normalized absorbance - 
nD refractive index of dielectric medium - 
nP refractive index of prism - 
KD dissociation constant [M] 
ζ  zeta-potential [mV] 
εm permittivity of metal [F∙m
-1] 
 
